Riboswitches are motifs in the untranslated regions (UTRs) of RNA transcripts that sense metabolite levels and modulate the expression of the corresponding genes for metabolite import, export, synthesis, or degradation. All riboswitches contain an aptamer: an RNA structure that, upon binding ligand, folds to expose or sequester regulatory elements in the adjacent sequence through alternative nucleotide pairing. The coupling between ligand binding and aptamer folding is central to the regulatory mechanisms of thiamine pyrophosphate (TPP) riboswitches and has not been fully characterized. Here, we show that TPP aptamer folding can be decomposed into ligand-independent and -dependent steps that correspond to the formation of secondary and tertiary structures, respectively. We reconstructed the full energy landscape for folding of the wild-type (WT) aptamer and measured perturbations of this landscape arising from mutations or ligand binding. We show that TPP binding proceeds in two steps, from a weakly to a strongly bound state. Our data imply a hierarchical folding sequence, and provide a framework for understanding molecular mechanism throughout the TPP riboswitch family. 
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optical trapping | optical tweezers | single molecule | single-molecule biophysics R iboswitches that sense the essential coenzyme thiamine pyrophosphate (TPP) are found in all kingdoms of life, and regulate thiamine synthesis at the level of transcription, translation, or splicing (1) (2) (3) . Members of the TPP riboswitch family share sequence elements, architectures, and modes of ligand binding (4) (5) (6) (7) (8) (9) . The TPP-binding aptamer in the 3′ UTR of the thiC gene from Arabidopsis thaliana possesses a "tuning-fork" architecture (10) comprising two sensor helix arms (P2∕3 and P4∕5) and a switch helix (P1), all stemming from a central junction (J2∕4) (Fig. 1A) . The aptamer is thought to bind its ligand as the sensor helix arms are brought together, and bulges (J2∕3 and J4∕5) in the arms join to form a bipartite binding pocket. Purine riboswitches also resemble tuning forks (11, 12) , but in contrast have a single binding pocket comprised largely of nucleotides from the central junction.
It has been proposed that riboswitches may be sorted into two functional types (13) : Type I and Type II, of which the purine and TPP riboswitches are prototypic examples, respectively [as more riboswitch sequences and structures have been determined, additional classification schemes have been discussed (1, 14) ]. The two types are distinguished by binding pocket architecture and the scale of the structural rearrangement accompanying ligand binding, with Type I and Type II undergoing local and longdistance rearrangements, respectively. An earlier single-molecule study (15) of the Type I pbuE aptamer from Bacillus subtilis, which binds adenine, revealed that secondary and tertiary structure formation were interleaved during folding, in that a competent binding site (constituting a tertiary element) was formed prior to the closure of the base of the switch helix, P1 (a secondary element). Here, we have extended the single-molecule approaches used previously to investigate the folding and energetics of the TPP aptamer, which is significantly larger than the adenine aptamer (111 nt vs. 62 nt). By measuring the energy landscape of the TPP aptamer and its sensitivity to ligand binding and mutations, we explored the hierarchy of folding in this Type II aptamer and obtained evidence supporting the Type I/Type II dichotomy.
We characterized the thermodynamics and kinetics of folding for the TPP aptamer using a single-molecule optical-trapping assay in which a controlled force was applied via the 5′ and 3′ ends of the RNA (Fig. 1B) . In the absence of ligand, the aptamer unfolded through a series of transitions observed in both nonequilibrium ( Fig. 1C) and equilibrium ( Fig. 1D ) measurements. Similar transitions were observed in RNA constructs containing only portions of the aptamer sequence (Fig. 1A, Fig. S1 , Table S1 ). Constant-force measurements carried out at equilibrium supplied data for the energy, rate, and distance associated with each folding transition. The data from the constructs were first used to assign each transition to a given helix, and then to reconstruct the energy landscape for secondary structure formation (Fig. 2, red) . To study aspects of tertiary structure formation, we compared aptamer folding for wild-type and mutant sequences in the presence and absence of ligands.
Results and Discussion
We observed and measured individual folding transitions within single WT aptamer molecules by holding each molecule at equilibrium, and gradually lowering the applied force while recording the molecular end-to-end extension (Fig. 1D) . Our measurements allowed us to identify each transition and calculate its respective contribution to the folding energy landscape (Fig. 2) . In the absence of ligand, the energetic stabilities of the helices decreased systematically, going from the distal ends of the sensor helix arms toward the 5′ and 3′ termini of the RNA. Previous models have suggested that aptamer folding, in concert with TPP binding, proceeds with a similar "outside-in" directionality: TPP binding juxtaposes the sensor helices, promoting formation of the central junction and thereby stabilizing the switch helix (10, 16) . Our data demonstrate that TPP binding is not required to fold P1 (the least stable helix), but is not inconsistent with mechanisms where this switch helix, in the context of a complete riboswitch, remains unfolded in the absence of TPP due to alternative pairing with the expression platform (17) (18) (19) . The significant energy differences between most folding transitions (Fig. 2 ) may serve to prevent misfolding of the aptamer, which we never observed, and the relatively high stabilities of the P3 and P5 helices likely ensure correct nucleation of the TPP binding sites at J2∕3 and J4∕5. In particular, P3 is the first helix of the aptamer to be transcribed, and the ∼32 nt at its distal end, which are not required for TPP binding or L5-P3 docking (10, 20) , participated in the highest-force folding transition in the aptamer (P3high). The P3high transition occurred separately from that involving the ∼12 nt at the base of the helix (P3low) ( Table S1 ). The size of the P3 element varies greatly among species (6, 9) , and its distal portion may have evolved as a "thermodynamic anchor" for the aptamer, ensuring correct folding by suppressing competing RNA structures incompatible with the riboswitch mechanism.
We determined the free energy change for complete unfolding of the bare aptamer (61 AE 3 kcal∕mol) by measuring distributions of the work done to unfold and refold the aptamer under nonequilibrium conditions (Fig. 1C, inset ). This value closely matched the sum of energies to unfold the individual helices (66 AE 3 kcal∕ mol), suggesting that no strong tertiary interactions are present in the absence of TPP. Both these experimental values are somewhat greater than that estimated by the mfold program (∼53 kcal∕mol) (21) . The difference is likely attributable to Mg 2þ , which is not accounted for by mfold, but was present at 4 mM here. Previous structural studies using small-angle X-ray scattering (SAXS) have found that under similar conditions, the sensor helix arms are splayed apart (20) , but the aptamer becomes partially compacted as magnesium levels are increased (20, 22) . In light of our findings, this compactness may be due to divalent cations stabilizing these helices without participating in energetically significant contacts between them.
Whether the TPP aptamer is "preorganized," that is, whether it contains secondary or tertiary structure to facilitate ligand binding, has garnered controversy. Upon solving the crystal structure of the TPP-bound aptamer from A. thaliana, Thore, et al. conjectured that J2∕4 and P1 do not form until TPP binds and bridges the two sensor helices (10). Lang, et al. presented kinetic data in support of this conjecture for the shorter Escherichia coli thiM aptamer, but could not rule out the possibility that the P1 helix was paired prior to TPP binding (16) . In a calorimetric study, Kulshina, et al. observed diminishing enthalpic gains and entropic penalties for TPP binding to the same aptamer as the magnesium concentration was raised, and therefore suggested that magnesium induces preorganization (5) . However, the authors did not demonstrate that this preorganization included any tertiary structure. Most recently, Steen, et al. chemically modified the thiM RNA in the absence of ligand and observed a pattern of protections indicative of fully formed secondary structure, but no tertiary structure (23) . Our data are consistent with all the data (but not necessarily all the interpretations) in these prior studies, as well as with the SAXS studies mentioned above, and argue that any preorganization of the A. thaliana thiC aptamer involves the formation of helices P1-P5 and the juxtaposition of those helices due to stacking or primary connectivity.
In the presence of saturating TPP, larger, abrupt transitions ("rips") were observed in force-extension curves (FECs) as the aptamer was unfolded (Fig. 3A) . Worm-like chain (WLC) functions fitted to the appropriate portions of each curve revealed that 109 AE 6 nt are released in these rips, which equals the number measured upon unfolding all helices in the absence of TPP (Fig. 1C, Table S2 ) and the total length of the aptamer. This equivalence suggests that the aptamer unfolds monolithically upon TPP dissociation when force is increased slowly. As the aptamer was gradually refolded near equilibrium in the presence of TPP, the folding behaviors of the P3, P4, and P5 helices were unperturbed (Table S1 ), but the free, reversible folding of the P2 and P1 helices was interrupted by an event, presumed to be TPP binding, that locked the aptamer into its fully folded state (Fig. 3A) . Refolding FECs appeared identical regardless of whether TPP was present (Fig. 1C, Fig. 3A ). All together, these observations indicate that TPP binds concomitantly with P1 folding. Analyses of the rip-force distributions were carried out using the methods developed by Dudko (24) and Maitra (25) , which supplied the heights and locations of the transition energy barriers associated with the rips, and placed the barrier for TPP dissociation at a distance of 12 AE 1 nt from the fully folded state of the aptamer (Table S2 ). This distance corresponds closely to the length of the P1 helix.
We determined the additional energetic stability conferred by TPP binding, including any tertiary contacts formed, by comparing the free energies for aptamer unfolding in the presence and absence of TPP, computed from the work distributions (Fig. 1C , Table S2 , Fig. S2 ). The difference, 17 AE 5 kcal∕mol, is comparable to the value of 11 AE 1 kcal∕mol measured calorimetrically for the thiM aptamer from E. coli (5). Because ligand binding is closely correlated with the folding of the P1 helix in our experiment, we interpreted this difference to correspond to the additional stabilization imparted to the fully folded state of the aptamer (Fig. 2, inset) .
This additional stabilization could be abolished by mutating the conserved adenine residue A105 in the central junction to guanine, corroborating findings from previous studies (4, 18) . When present at saturating concentrations, TPP bound the A105G aptamer in just 2% of repeated nonequilibrium folding cycles (Fig. 3B) , compared with 98% for the WT. Moreover, the folding behavior of the A105G-P2 and P1 helices at equilibrium was unaffected by TPP levels (Table S1 ). However, P1 folded faster in the A105G aptamer than WT in the absence of TPP, and involved 6 AE 2 fewer nucleotides, consistent with the P1 helix fraying, due to a shift in the registration of the 5′ and 3′ strands (Fig. S3) . Such a misregistration is, in fact, predicted by mfold, and serves to explain the lower affinity of the mutant for TPP. In the WTaptamer, the A105 residue is unpaired and participates in several tertiary contacts across J2∕4 (10) . These contacts would be broken were this residue to pair in a misregistered P1 helix, disfavoring the orientation of the sensor helices required to bind TPP.
In addition to tertiary contacts formed in J2∕4, tertiary contacts form between the L5 loop and P3 helix when TPP is bound (10) . Mutation of certain L5 residues prevents TPP-induced compaction in the E. coli aptamer (5). Here, we observed that mutating A90 to G reduced the TPP-induced stabilization of the fully folded state by ∼30%, to 12 AE 5 kcal∕mol ( Fig. 2, inset;  Fig. 3C ). The reconstructed energy landscapes for the WT and A90G aptamers did not differ significantly in the absence of TPP (the sum of A90G helix energies is 66 AE 3 kcal∕mol; Fig. S4 ), but in the presence of TPP and near the equilibrium folding forces for the P2 and P1 helices, ligand bound to the A90G aptamer only transiently (Fig. 3C) , dissociating on a time scale of seconds, rather than hours.
We also acquired FECs (Fig. S2 ) and constant-force data (Fig. S5) for the WT aptamer binding to the substrates thiamine (T) and thiamine monophosphate (TMP). These alternative ligands carry fewer phosphates than TPP and are unable to bind the P4∕5 arm via native, magnesium-mediated contacts (19, (26) (27) (28) . Nevertheless, the WT aptamer displayed similar energetic stabilization by either T or TMP, when present at saturating concentrations, as did the A90G aptamer bound to TPP (Fig. 2, inset ; Table S2 ). In addition, the WT aptamer also bound T or TMP transiently as P1 folded at equilibrium (Fig. S5) . These characteristics support the existence of a common, weak-binding state for the aptamer that either lacks full coordination of TPP at its binding sites, or lacks productive L5-P3 docking around TPP. We obtained corroborating evidence for such a state by probing the kinetics of TPP binding to the WT aptamer at subsaturating ligand concentrations. By unfolding each molecule under nonequilibrium conditions and then relaxing the force rapidly, we measured the probability that refolding and subsequent TPP binding would occur after a given interval between unfolding cycles, signaled by a TPP-dependent rip. We observed two populations of rip forces (Fig. 4 A and B ) with high and low mean values, comparable with those measured for dissociating TPP from the WT and A90G aptamers, respectively, at saturating ligand concentrations (Fig. 3 A and C) . The probabilities for observing a TPP-dependent rip at any force (Fig. 4C) and for observing the rip at high force (Fig. 4D) both increased with the refolding time and TPP concentration. These probabilities were globally fit by a minimal, four-state kinetic model (Fig. 4D) that collapses all helix-folding transitions into a single irreversible, fast step and incorporates two TPP-bound states, representing weak, initial binding followed by strong, final binding. A ligand dissociation constant of 7 AE 1 × 10 −8 M was calculated from the model, which is consistent with previous estimates (5, 18, 19) . We propose that progression from weak to strong binding, which generally occurred when the WT aptamer was paired with TPP, but not when a mutant RNA sequence or alternative ligand was substituted, may serve as a final step in the folding process to ensure selectivity and the fidelity of riboswitch activation.
Taken all together, our single-molecule data suggest that secondary structure forms quickly in the TPP riboswitch aptamer, and that it does so independent of ligand binding, whereas tertiary structure forms comparatively slowly, and does so in concert with ligand binding. We note that we could only indirectly observe ligand-dependent juxtaposition of the P2∕3 and P4∕5 helix arms, and L5-P3 docking, because these tertiary folding events lack a projection along our reaction coordinate, the molecular endto-end extension (Figs. 1, 2) . Therefore, we cannot strictly rule out the possibility that some minor amount of tertiary structure may form in the absence of ligand. Nevertheless, the hierarchical sequence of folding events that we observed stands in stark contrast to that of the adenine riboswitch aptamer (15) , and it highlights key differences between folding in Type I (e.g., adenine) and Type II (e.g., TPP) riboswitches (13) . In our experiments, productive TPP binding generally required P1 helix folding, but under some conditions TPP was observed briefly to remain strongly bound if P1 (and in rare cases, P2) became unpaired (Fig. S6 ) during unfolding. Such unpairing will weaken or disrupt J2∕4, and therefore indicates that most of the energy for binding ligand arises from the interactions between the sensor helix arms, which TPP brings closer together.
In A. thaliana, TPP binding to the riboswitch aptamer promotes the formation of a longer, less stable thiC RNA, by causing a transcript processing site to be spliced out of the 3′ UTR (4, 7) (Fig. S7A) . Ligand binding is thought to occur cotranscriptionally, and acts to prevent base-pairing between the 5′ splice site (located ∼150 nt upstream of the aptamer) and the P4∕5 helix arm of the aptamer (7). Our data suggest that ligand binding cannot occur until the entire aptamer has been transcribed and the final elements of secondary structure (J2∕4, P1) have formed. This arrangement would allow the 5′ strand of P4∕5 to pair with, and sequester, the 5′ splice site immediately after transcription, thereby preventing splicing even at high TPP concentrations (Fig. S7B) . Because splicing-incompetent configurations of the nascent 3′ UTR likely do not contain functional aptamers, they may represent kinetic traps, escape from which requires reconfiguration of base-pairing in the 3′ UTR, coupled with TPP binding. The 3′ splice site is situated within the aptamer, and its accessibility may change when TPP binds, as has been suggested (4). Based on our findings, this change is likely to occur as TPP binding progresses from weak to strong.
We anticipate that our study will serve as a starting point for a more complete biophysical picture of aptamer folding coupled to TPP binding and mRNA splicing in A. thaliana, and of TPP riboswitch function in other organisms. By extending the single- molecule methods applied previously to the folding of the adenine-binding pbuE aptamer (15), we directly measured the energetics, kinetics, and hierarchy of folding for an aptamer that is nearly twice as large. Several new approaches were employed to make these measurements, including: a "divide-and-conquer" strategy to assign individual folding events to the overall aptamer structure, the use of analytical methods from nonequilibrium thermodynamics to quantify the impact of ligand binding on the folding energy landscape, and use of point mutations and alternative ligands to perturb and elucidate folding. We expect singlemolecule methods to be broadly applicable in future studies of additional riboswitches and structured RNAs.
Materials and Methods
Sample Preparation. RNA constructs were transcribed in vitro and annealed to ∼kb-long dsDNA handles, each having a single-stranded overhang at one end and a biotin or digoxigenin modification at the other (see SI Methods). Dumbbells (29) were assembled by incubating the resulting construct with avidin-and anti-digoxigenin-coated polystyrene beads, and measured in 50 mM Hepes buffer containing (unless otherwise noted) 130 mM KCl and 4 mM Mg 2þ , plus trace components and ligand.
Instrument. All data were acquired on a dual-beam optical-trapping microscope (30, 31) , in which the trapping beams were steered using acoustooptical deflectors. Bead positions were detected using duolateral positionsensitive detectors.
Measurement of Nonequilibrium FECs with Hysteresis. Global aptamer unfolding and refolding events were induced by repeatedly moving the traps apart and together, respectively, at rates of ∼60-200 nm∕s. Rips were identified as local maxima in the unfolding FECs. Parameters describing the free energy barriers for folding transitions or ligand binding (Δx ‡ , ΔG ‡ , k off ) were extracted from nonequilibrium distributions of rip forces (24, 25) . The work corresponding to unfolding or refolding was calculated by integrating each FEC and subtracting the work of stretching the handles and fully unfolded RNA. The total free energy of unfolding (ΔG) was calculated from an analysis of work histograms (32).
Folding Energy Landscapes. Equilibrium measurements conducted at constant force were carried out for the individual folding transitions in the full-length and truncated aptamer constructs. Each folding transition was analyzed as a two-state system, and the associated parameters describing the energetics and kinetics of folding (Δx, Δx ‡ , F 1∕2 , and k 1∕2 ) were extracted (31) . The set of folding transitions present in each construct, and values of the parameters describing each transition in this set, were compared among the constructs and correlated with the underlying sequence in order to assign transitions to specific helices. These parameters were then used as described (15) to reconstruct landscapes representing aptamer folding in the absence of ligand. Perturbations of the energy landscapes by ligand binding near the fully folded state were characterized using the parameters obtained from the analysis of nonequilibrium FECs.
TPP Binding Kinetics. The frequency and strength of TPP binding to the WT aptamer were determined from FECs measured while moving the traps apart at ∼400 nm∕s to induce unfolding. The TPP concentration and time between cycles were varied. TPP-dependent rips were identified by eye and classified as either low-force or high-force using the P3high transition as a threshold.
